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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


•  Three  distinct  Ge-filled  CNF  com¬ 
posites  fabricated  by  CVD  and 
electrospinning. 

•  CNF  matrix  and  CVD  carbon  layer 
enhance  the  structural  integrity  of  Ge 
anode. 

•  Ge@CNF@C  exhibits  high  capacity 
retention  due  to  the  thorn-like  Ge 
morphology. 
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Three  distinct  Ge  nanoparticle-filled  carbon  nanofiber  (CNF)  composites,  Ge@CNF,  Ge@C@CNF  and 
Ge@CNF@C,  were  fabricated  by  chemical  vapor  deposition  (CVD)  and  electrospinning  techniques.  These 
different  structures  were  prepared  by:  1)  dispersing  Ge  nanoparticles  into  CNF,  2)  adding  carbon-coated 
Ge  nanoparticles  (Ge@C)  prepared  by  CVD  into  CNF,  and  3)  depositing  CVD  carbon  onto  Ge@CNF, 
respectively.  Compared  with  the  Ge@CNF  composite,  both  Ge@C@CNF  and  Ge@CNF@C  had  additional 
amorphous  carbon  coating  fabricated  by  the  CVD  method.  The  three  composites  were  studied  as  binder- 
free  electrodes  for  rechargeable  lithium-ion  batteries.  Raw  Ge  anode  materials  suffered  from  serious 
volume  changes  and  nanoparticle  aggregations  during  cycling,  resulting  in  pulverization  and  capacity 
loss.  However,  carbon  nanofiber  and  the  supplemental  CVD  carbon  layer  in  these  nanofiber  composites 
could  help  preserve  the  structural  integrity  of  the  alloy  anode  materials  during  repeated  cycling,  and 
consequently,  lead  to  improved  cycling  stability.  In  this  work,  it  was  found  that  among  the  three  com¬ 
posites,  Ge@CNF@C  exhibited  the  highest  capacity  retention  of  89%  at  the  50th  cycle  due  to  the 
structurally-durable  thorn-like  Ge  morphology  and  the  additional  CVD  carbon  confinement.  Ge@CNF  and 
Ge@C@CNF  encountered  rapid  capacity  loss  because  large  Ge  clusters  were  formed  and  jeopardized  the 
integrity  of  the  electrode  structure  during  cycling. 

©  2013  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Rechargeable  lithium-ion  batteries  have  long  been  considered 
as  an  attractive  power  source  for  portable  electronics,  electric  ve¬ 
hicles,  and  emerging  smart  grids  [1].  One  major  challenge  in  the 
design  of  high-performance  lithium-ion  batteries  is  to  maintain  the 
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structural  stability  of  the  electrodes  during  repeated  lithium 
insertion  and  extraction  [2-4].  For  example,  alloying  anodes,  such 
as  Si,  Ge,  Sn,  Pb,  Al,  Au  and  Mg,  possess  high  lithium  storage  ability 
but  suffer  from  large  volume  change  during  cycling.  To  address  this 
issue,  alloying  anodes  have  been  modified  by  downsizing  the  bulk 
materials  to  the  nanoscale,  dispersing  the  elements  into  carbon 
matrices,  or  preparing  intermetallic  alloying  materials  [5-7]. 
Recently,  Li  et  al.  fabricated  a  nano-Si  anode  material  by  laser- 
induced  silane  gas  reaction  and  obtained  a  high  reversible  capac¬ 
ity  of  1700  mAh  g-1  after  ten  cycles  [8].  Ji  et  al.  reported  the 
preparation  of  Si/C  composite  nanofibers  by  embedding  Si  nano¬ 
particles  in  electrospun  carbon  nanofibers.  The  Si/C  composite 
nanofibers  exhibited  a  reversible  capacity  of  around  800  mAh  g_1 
and  a  capacity  retention  of  85%  after  twenty  cycles  [3,4,9,10]. 
Moreover,  Li  et  al.  prepared  a  FeSie/graphite  composite  by  a  simple 
mechanical  ball  milling  method.  The  composite  anode  offered  a 
large  reversible  capacity  of  800  mAh  g-1  and  improved  cyclability 
due  to  the  buffering  effect  of  the  inactive  FeSi2  phase  and  graphite 
layers  on  the  volumetric  change  of  the  Si  phase  during  alloying 
reaction  [11]. 

Among  the  various  alloying  anodes,  Si  has  been  the  focus  of 
recent  research,  while  Ge,  another  high-capacity  material  (theo¬ 
retical  capacity:  1600  mAh  g-1),  has  received  less  attention. 
Compared  to  Si,  Ge  has  smaller  volume  change  and  higher  lithium 
diffusion  coefficient,  and  thus  is  a  competitive  anode  material  12]. 
Cui  et  al.  prepared  Ge/carbon  composite  nanospheres  and  Ge/car- 
bon  nanotubes  through  a  pyrolysis  technique  and  obtained 


capacities  of  more  than  900  and  700  mAh  g-1,  respectively  [13,14]. 
Recently,  Woo  et  al.  fabricated  Ge  nanowire/graphite  nanofiber 
composites  by  chemical  vapor  deposition  (CVD).  These  composites 
also  showed  large  reversible  capacities  and  high  rate  capability  due 
to  the  extensive  entanglement  and  large  contact  area  between  the 
Ge  nanowires  and  graphite  nanofibers  [15].  Although  promising 
electrode  systems  have  recently  been  proposed,  the  cycling  per¬ 
formance  of  most  Ge-based  anodes  is  still  limited  by  the  relatively 
large  volumetric  change  of  Ge  particles,  which  cannot  be  accom¬ 
modated  completely  by  using  only  one  carbon  layer  confinement. 

In  this  work,  we  prepared  new  Ge@CNF,  Ge@C@CNF  and 
Ge@CNF@C  structures  by:  1 )  dispersing  Ge  nanoparticles  into  car¬ 
bon  nanofibers  (CNF),  2)  adding  carbon-coated  Ge  nanoparticles 
(Ge@C)  prepared  by  chemical  vapor  deposition  (CVD)  into  CNF,  and 
3)  depositing  CVD  carbon  onto  the  surface  of  Ge@CNF,  respectively. 
The  schematic  of  the  three  structures  and  their  fabrication  pro¬ 
cesses  are  illustrated  in  Fig.  1.  In  Ge@C@CNF  and  Ge@CNF@C 
structures,  two  carbon  confinement  structures  were  formed  on  the 
Ge  active  material,  including  the  amorphous  carbon  coating  fabri¬ 
cated  by  the  CVD  method  and  the  CNF  matrix  by  electrospinning. 
The  amorphous  carbon  coating  deposited  by  CVD  can  accommo¬ 
date  the  cracking  of  Ge  nanoparticles  in  Ge@C@CNF  and  the  pul¬ 
verization  of  the  integral  Ge@CNF  structure  in  Ge@CNF@C  during 
lithiation  and  delithiation  processes.  In  addition,  the  combination 
of  electrospinning  and  carbonization  methods  leads  to  durable 
electron-conducting  non-woven  CNF  webs  that  can  be  used  as 
flexible  binder-free  electrodes.  The  absence  of  polymer  binder 
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Fig.  1.  Schematic  illustrating  the  fabrication  processes  of  (A)  Ge@CNF,  (B)  Ge@C@CNF,  and  (C)  Ge@CNF@C. 
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in  our  battery  electrode  system  prevents  the  separation  of 
active  materials  from  the  electrolyte,  resulting  in  reduced  elec¬ 
trode-electrolyte  interface  and  enhanced  electrode  reaction  ki¬ 
netics.  Therefore,  by  carefully  designing  nanoparticle-filled  CNF 
composites  with  controlled  structures,  the  electrochemical  per¬ 
formance  of  Ge-based  electrodes  would  be  enhanced  and  thus  the 
impact  of  changing  variable  structures  is  of  great  importance  and 
needs  further  exploration.  It  must  be  noted  that  Ge  is  more 
expensive  than  other  high-energy  anode  materials  such  as  Si  and 
Sn.  However,  since  Ge  is  able  to  provide  more  stable  cycling  per¬ 
formance  than  Si  and  higher  discharge  capacity  than  Sn,  carefully- 
designed  Ge-based  CNF  composite  anodes  can  be  used  in  high- 
energy  lithium-ion  batteries  for  electronic  devices  such  as  laptops 
and  cell  phones  although  they  have  to  face  a  cost  barrier  in  the 
electric  vehicle  application. 

2.  Experimental 

Ge  nanoparticles  (70-100  nm)  were  purchased  from  SkySpring 
Nanomaterials.  Polyacrylonitrile  (PAN,  Mw  =  150,000)  and  solvent 
N,N-dimethylformamide  (DMF)  were  supplied  by  Sigma  Aldrich.  All 
materials  were  used  without  further  purification. 

The  preparation  procedures  of  Ge@CNF,  Ge@C@CNF,  and 
Ge@CNF@C  are  shown  in  Fig.  1.  For  the  preparation  of  Ge@CNF 
(Fig.  1A),  Ge  nanoparticles  (30  wt%  compared  to  PAN)  were  added 
directly  into  a  DMF  solution  of  PAN  (8  wt%)  at  60  °C.  Mechanical 
stirring  was  applied  for  at  least  24  h  in  order  to  ensure  that  the 
dispersion  was  homogeneous.  To  obtain  composite  nanofibers,  a 
high-voltage  power  supply  (Gamma  ES40P-20W/DAM)  was  used  to 
provide  a  voltage  at  around  15  kV  during  the  electrospinning.  Dry 
fibers  were  accumulated  on  the  collector  and  formed  fibrous  mats. 
The  electrospun  Ge@PAN  nanofibers  were  first  stabilized  in  an  air 
environment  at  280  °C  for  5.3  h  (heating  rate:  5  °C  min-1),  and  then 
carbonized  at  700  °C  for  1  h  in  an  argon  atmosphere  (heating  rate: 
2  °C  min-1)  to  form  Ge@CNF. 

For  Ge@C@CNF  (Fig.  1 B),  Ge  nanoparticles  were  first  coated  by  CVD 
amorphous  carbon  using  an  ASM  6"  LPCVD  with  operating  temper¬ 
ature  and  pressure  of  760  °C  and  10  Torr,  respectively.  Pure  C2H2  gas 
was  used  as  the  carbon  precursor  with  a  flow  rate  of  200  seem.  The 
deposition  time  used  was  60  min.  The  resultant  Ge@C  nanoparticles 
(30  wt%  compared  to  PAN)  were  dispersed  into  a  DMF  solution  of  PAN 
(8  wt%)  to  obtain  Ge@C@PAN  electrospun  nanofibers.  The  final 
product  Ge@C@CNF  was  obtained  after  stabilizing  and  carbonizing 
Ge@C@PAN  under  the  same  conditions  as  used  for  Ge@CNF. 

For  Ge@CNF@C  (Fig.  1C),  30  wt%  Ge  nanoparticles  (compared  to 
PAN)  were  first  added  into  a  DMF  solution  of  8  wt%  PAN,  which  was 
then  electrospun  into  Ge@PAN  nanofibers.  The  electrospun  Ge@PAN 
nanofibers  were  carbonized  to  form  Ge@CNF.  The  final  product 
Ge@CNF@C  was  obtained  by  depositing  CVD  carbon  on  Ge@CNF. 
The  electrospinning,  carbonization  and  CVD  processing  conditions 
used  for  Ge@CNF@C  were  the  same  as  those  for  Ge@C@CNF. 

The  morphology  of  the  resultant  Ge@CNF,  Ge@C@CNF,  and 
Ge@CNF@C  was  observed  with  scanning  electron  microscope  (SEM) 
(JEOL  6400F  Field  Emission  SEM  at  5  kV)  and  transmission  electron 
microscopy  (Hitachi  HF-2000  TEM  at  200  kV).  Elemental  Analyzer 
(Perkin  Elmer,  CHN  2400)  was  used  to  determine  the  composition  of 
composites.  The  Ge  contents  of  Ge@CNF,  Ge@C@CNF  and  Ge@CNF@C 
composites  were  54.5%,  55.7%,  and  56.2  wt%,  respectively. 

Electrochemical  experiments  were  carried  out  using  coin-type 
half  cells  containing  Ge@CNF,  Ge@C@CNF  and  Ge@CNF@C  as  the 
working  electrodes  and  Li  foil  as  the  counter  electrode.  The  as- 
prepared  Ge@CNF,  Ge@C@CNF  and  Ge@CNF@C  formed  free¬ 
standing  electronically-conductive  fiber  mats,  and  they  were 
attached  onto  copper  foil  (Lyon  industries,  0.025  mm  thick)  to  be 
used  as  the  working  electrodes.  The  loadings  of  the  working 


electrodes  were  0.49,  0.40,  and  0.43  mg  cm-2  for  Ge@CNF, 
Ge@C@CNF,  and  Ge@CNF@C,  respectively.  The  separator  used  was 
Celgard®  2400  (Celgard  LLC).  The  electrolyte  was  a  1  M  LiPF6  so¬ 
lution  in  ethylene  carbonate  (EC)/dimethyl  carbonate  (DMC)  (1:1  v/ 
v).  The  electrochemical  performance  was  evaluated  by  carrying  out 
galvanostatic  charge-discharge  experiments  at  50  mA  g-1  (C/32) 
between  0.01  and  2.00  V.  The  capacities  were  calculated  based  on 
the  total  weights  of  both  Ge  and  carbon  materials  in  the  electrodes. 

Reproducibility  was  assessed  by  preparing  and  testing  all  com¬ 
posites  for  three  times. 

3.  Results  and  discussion 

3.1.  Morphology 

The  SEM  images  of  Ge@CNF,  Ge@C@CNF,  and  Ge@CNF@C  are 
represented  in  Fig.  2.  Large  particle  clusters  can  be  observed  in 
Ge@CNF  (Fig.  2A)  and  Ge@C@CNF  (Fig.  2B),  indicating  non-uniform 
dispersion  of  Ge  and  Ge@C  nanoparticles  in  the  CNF  matrix. 
Compared  with  Ge@CNF,  the  Ge@C@CNF  composite  contains  an  extra 
CVD  carbon  coating  layer  on  Ge  particles,  which  increases  the  loaded 
nanoparticle  size  and  leads  to  larger  particle  aggregations.  However, 
as  shown  in  Fig.  2C,  there  are  fewer  Ge  clusters  in  Ge@CNF@C,  sug¬ 
gesting  an  improved  dispersion  of  Ge  particles  in  these  nanofibers. 

From  Fig.  2,  it  is  also  seen  that  Ge@CNF@C  has  smaller  fiber 
diameters  than  Ge@C@CNF  and  Ge@CNF.  The  smaller  diameter  of 
Ge@CNF@C  is  probably  caused  by  high-temperature  CVD  treatment 
applied  to  the  fibers.  When  preparing  Ge@CNF@C,  Ge  particles 
were  first  dispersed  in  the  CNF  matrix  and  the  subsequent  CVD 
coating  process  at  760  °C  reduced  the  fiber  diameter  by  further 
thermal  deformation  and  removal  of  residual  non-carbon  elements 
from  the  fiber  matrix.  These  SEM  results  indicate  that  the  disper¬ 
sion  of  nanoparticles  with  varying  sizes  and  the  processing  order  of 
CVD  treatment  have  great  influence  on  the  surface  morphology  of 
the  resultant  fibers. 

Detailed  nanostructures  of  Ge@CNF,  Ge@C@CNF  and  Ge@CNF@C 
were  investigated  with  TEM  technique  and  the  results  are  illus¬ 
trated  in  Fig.  3.  The  composite  nanofibers  were  grounded  and  ul- 
trasonically  treated  prior  to  TEM  observation.  As  shown  in  Fig.  3A 
and  B,  large  Ge  nanoparticle  clusters  were  formed  and  dispersed  in 
the  carbon  matrix,  especially  in  Fig.  3B,  where  a  void  of  around 
700  nm  x  200  nm  was  formed  due  to  the  falling  off  of  a  Ge  cluster 
during  TEM  sample  preparation.  This  figure  is  a  representative 
image  of  Ge@C@CNF  and  such  defect  (i.e.,  void)  can  be  commonly 
seen  in  Ge@CNF@C  samples.  The  void  indicates  serious  aggregation 
of  Ge@C  nanoparticles  in  the  fiber  matrix,  which  may  exacerbate 
the  pulverization  of  the  particles  and  lead  to  rapid  capacity  loss 
during  cycling  when  this  material  is  used  as  a  lithium-ion  battery 
anode.  However,  from  Fig.  3C,  it  is  seen  that  Ge@CNF@C  shows 
homogenously  distributed  Ge  thorns  of  50-100  nm  embedded  in 
or  attached  on  the  surface  of  the  CNF  matrix. 

To  further  investigate  the  unique  structure  of  Ge@CNF@C,  high- 
resolution  TEM  image,  atomic  resolution  elemental  mapping  and 
energy-dispersive  X-ray  spectroscopy  (EDX)  spectrum  were  ob¬ 
tained  (Fig.  4).  The  TEM  image  shows  a  Ge@CNF@C  nanofiber  with 
thorn-like  structures  of  around  10  nm  in  width  and  30-80  nm  in 
length  (Fig.  4A).  The  composition  of  the  nanofiber  and  the  thorn¬ 
like  structure  were  investigated  by  elemental  mapping  technique. 
The  nanofiber  and  the  thorn-like  structures  are  composed  of  car¬ 
bon  and  Ge,  respectively,  as  indicated  by  elemental  mapping 
(Fig.  4B).  The  EDX  spectrum  presents  two  characteristic  peaks  at  1 
and  10  keV,  which  are  typical  for  Ge  element,  as  well  as  a  0.5  keV 
peak  for  carbon  (Fig.  4C).  Sn  impurities  are  also  detected  in  the 
spectrum.  These  results  indicate  that  the  thorn-structures  are 
formed  by  Ge  during  the  CVD  treatment  at  760  °C.  It  is  likely  that 
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Fig.  2.  SEM  images  of  (A)  Ge@CNF,  (B)  Ge@C@CNF,  and  (C)  Ge@CNF@C. 


the  formation  of  Ge  thorns  is  facilitated  by  the  Sn  impurities,  which 
function  as  catalyst  particles  for  the  regrowth  of  Ge  during  CVD 
treatment.  There  are  recent  reports  on  the  formation  of  Ge  thorns 
facilitated  by  metal  catalysts,  such  as  Sn,  Au,  Ni,  Cu,  Co.  For  example, 
Er-doped  Sn02  nanofibers  were  used  to  obtain  similar  Ge  thorns  or 
nanorods  through  CVD  method  by  Wu  et  al  [16].  In  that  work,  it  was 
assumed  that  the  system  involved  with  the  reduction  of  the  trace 
amount  of  Sn  and  corresponding  oxidation  of  Ge,  followed  by  a 
thermal  equilibrium  between  Sn  and  Ge,  and  the  excess  Ge  resulted 


Fig.  3.  TEM  images  of  (A)  Ge@CNF,  (B)  Ge@C@CNF,  and  (C)  Ge@CNF@C. 
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Energy  (keV) 


Fig.  4.  (A)  High-resolution  STEM  image,  (B)  atomic  resolution  elemental  map,  and  (C) 
EDX  spectrum  of  Ge@CNF@C.  In  the  atomic  resolution  elemental  map,  Ge  and  carbon 
elements  are  colored  with  light  green  and  red,  respectively.  (For  interpretation  of  the 
references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this 
article.) 

in  vapor-liquid-solid-type  growth  of  Ge  nanorods.  In  the  alloy 
form,  Sn  and  Ge  were  able  to  form  an  eutectic  system  with  a  critical 
temperature  of  231  °C.  Above  the  critical  temperature,  the  growth 
of  Ge  thorns  could  be  initiated  with  the  help  of  Sn  catalyst.  Recently, 
Meng’s  group  investigated  the  effects  of  different  catalytic  metals 
(Au,  Ni,  Cu,  Co)  on  the  yield  and  quality  of  Ge  thorns  during  the  CVD 
process  [17].  They  discussed  the  essentiality  of  the  catalytic  metals 
for  providing  catalytic  nucleation  sites  for  the  growth  of  Ge  thorns 
inside  the  channels  of  the  anodic  aluminum  oxide  template.  Once 
the  Ge  nanocrystal  seeds  on  the  catalyst  surface  were  formed,  the 
subsequent  growth  of  Ge  thorns  would  continue  by  itself,  which 
would  be  highly  dependent  on  the  type  of  the  catalyst.  Similarly,  in 
our  work,  the  Sn  impurities  presumably  served  as  a  catalyst  that 
facilitated  the  formation  of  Ge  thorns  during  CVD  treatment. 

To  further  understand  the  structure  of  Ge@CNF,  Ge@C@CNF,  and 
Ge@CNF@C,  their  Raman  spectra  were  obtained  and  are  shown  in 
Fig.  5.  For  comparison,  the  Raman  spectrum  of  Ge@C  particles  is 
also  shown.  For  all  four  samples,  a  strong  D-band  at  around 
1350  cm-1  and  a  relatively  small  G-band  at  1600  cm-1  are 
observed.  The  D-band  can  be  explained  as  defect-  and  disorder- 
induced  features  in  the  graphene  layers  of  carbon  materials, 
while  the  G-band  is  indicative  of  the  high-frequency  E2g  first-order 


Fig.  5.  Raman  spectra  of  Ge@C,  Ge@CNF,  Ge@C@CNF,  and  Ge@CNF@C. 


graphitic  crystallites  of  the  carbon.  The  presence  of  the  strong  D 
band  suggests  that  the  carbon  component  has  a  typical  disordered 
graphitic  structure  with  low  crystallinity  and  graphitization  [18]. 
The  intensity  ratio  of  D  peak  to  G  peak,  denoted  by  R\  =  Jd//g,  is  a 
good  indication  of  the  carbon  structure,  and  a  higher  R\  value 
typically  reveals  a  more  disordered  carbon  structure.  As  shown  in 
Fig.  5,  the  Ri  values  of  Ge@C,  Ge@CNF,  Ge@C@CNF,  and  Ge@CNF@C 
are  1.358, 1.074, 1.106  and  1.103,  respectively.  Ge@C  has  a  higher  R\ 
value  than  Ge@CNF,  suggesting  that  the  carbon  coating  created  by 
CVD  is  more  amorphous  or  disordered  than  the  CNF  matrix. 

3.2.  Electrochemical  performance 

Three  as-prepared  nanofiber  composites,  z.e.,  Ge@CNF, 
Ge@C@CNF  and  Ge@CNF@C,  were  collected  in  the  form  of  free¬ 
standing  nanofiber  mats  and  they  were  directly  used  as  the  work¬ 
ing  electrodes  in  lithium-ion  half  cells  without  any  polymer  binders 
or  carbon  black  conductor.  Herein,  we  investigated  both  Galvano- 
static  charge-discharge  phenomena  and  differential  capacity 
curves  of  Ge@CNF,  Ge@C@CNF  and  Ge@CNF@C  nanofiber  com¬ 
posite  anodes. 

Galvanostatic  charge-discharge  experiments  were  carried 
out  at  a  current  density  of  50  mA  g_1  within  a  voltage  window  of 
0.01-2.00  V  to  evaluate  the  electrochemical  performance.  Fig.  6 
displays  galvanostatic  charge-discharge  curves  of  the  first,  sec¬ 
ond  and  twentieth  cycles  of  Ge@CNF,  Ge@C@CNF  and  Ge@CNF@C. 
In  the  first  cycle,  the  voltage  of  all  three  composites  drops  rapidly 
during  the  discharge  process  from  2.00  V  to  about  0.7, 0.4  and  1.2  V, 
respectively,  followed  by  a  small  plateau  and  a  sloping  line 
smoothly  downshifting  to  0.01  V.  This  small  plateau  is  known  as  the 
result  of  the  decomposition  of  electrolyte  solution  and  the  forma¬ 
tion  of  the  solid  electrolyte  interface  (SEI),  which  covers  the  elec¬ 
trode  surface  and  hinders  the  electrolyte  from  further 
decomposition  [10,19].  From  Fig.  6,  it  is  also  seen  that  Ge@CNF  and 
Ge@CNF@C  exhibit  smaller  initial  capacity  losses  than  Ge@C@CNF. 
In  the  first  cycle,  Ge@CNF,  Ge@C@CNF  and  Ge@CNF@C  show  spe¬ 
cific  discharge  capacities  of  1385,  1070,  and  1466  mAh  g_1,  and 
charge  capacities  of  808,  252,  and  626  mAh  g-1,  respectively.  The 
irreversible  capacities  of  577,  818,  and  840  mAh  g_1  can  be  mainly 
ascribed  to  the  formation  of  the  SEI  film  during  the  first  cycle.  The 
Ge@C@CNF  composite  has  the  lowest  charge  capacity,  which  is  the 
consequence  of  the  large  volume  expansion  of  aggregated  Ge@C 
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Fig.  6.  Gaivanostatic  charge-discharge  curves  of  the  first,  second  and  twentieth  cycles 
of  (A)  Ge@CNF,  (B)  Ge@C@CNF,  and  (C)  Ge@CNF@C. 

nanoparticles  during  the  formation  of  LixGe  and  subsequent 
detachment  of  the  nanoparticles  from  the  CNF  matrix.  This  agrees 
with  the  TEM  result  shown  in  Fig.  3B. 

From  Fig.  6,  it  is  also  seen  that  at  the  second  cycle,  the  voltage 
plateau  disappears,  indicating  a  stable  SEI  has  formed.  As  a  result, 
all  three  composites  exhibit  coulombic  efficiencies  of  over  95%  at 
the  second  cycle.  At  the  same  time,  the  discharge  capacities  of 
Ge@CNF,  Ge@C@CNF,  and  Ge@CNF@C  are  around  781,  278,  and 
747  mAh  g_1,  and  their  charge  capacities  are  around  741,  229,  and 
639  mAh  g-1,  respectively.  Similar  to  the  first  cycle,  the  Ge@C@CNF 


composite  has  the  lowest  Li  storage  ability  due  to  the  detachment 
of  the  particle  clusters.  Among  all  three  composites,  the  relatively 
homogenous  dispersion  of  Ge  and  good  confinement  of  carbon 
material  in  Ge@CNF@C  (Fig.  3C)  result  in  the  most  stable  cyclability 
for  this  anode  material.  At  the  twentieth  cycle,  both  charge  and 
discharge  capacities  reduce  slightly.  The  coulombic  efficiencies  of 
all  three  composites  are  still  greater  than  95%. 

Differential  capacity  curves  of  the  first  and  second  cycles  of 
Ge@CNF,  Ge@C@CNF,  and  Ge@CNF@C  are  plotted  in  Fig.  7.  In  the 
lithium  alloying  process,  peaks  indicate  the  lithium  insertion  into 
equipotential  sites,  and  the  presence  of  multiple  sharp  peaks  at  the 
first  cycle  suggests  the  formation  of  a  number  of  different  LixGey 
phases  during  electrochemical  lithiation  [20].  In  Fig.  7,  the  voltage 
values  (0.50-1.10,  0.30-0.50,  0.15-0.30,  and  0-0.15  V)  are 
consistent  with  those  reported  for  LigGe^  LiyGe2,  LiisGe^  and 
L^Ges  during  lithium  insertion  [12,20-22].  Flowever,  the  peaks  at 
0.69  V  (Fig.  7A)  and  0.35  V  (Fig.  7B)  during  lithium  alloying  process 
are  mainly  ascribed  to  the  SEI  formation,  which  confirms  the  results 
shown  in  Fig.  6.  The  peak  at  1.26  V  in  Fig.  7C  is  attributed  to  the 
irreversible  lithium-ion  insertion  process  in  the  disordered  carbon 
[23,24].  From  Fig.  7,  it  is  also  seen  that  typical  dealloying  reactions 
of  Ge  occur  at  around  0.4  and  1.0  V  for  Ge@C  and  Ge@CNF@C.  The 
differential  capacity  plots  of  Ge@CNF  and  Ge@CNF@C  in  the  second 
cycle  also  confirm  that  Ge  actively  involves  in  the  alloying  and 
dealloying  processes  due  to  the  presence  of  broad  peaks,  which  also 
suggest  that  Ge  has  turned  into  amorphous  in  this  cycle.  On  the 
other  hand,  during  the  delithiation  process  of  the  Ge@C@CNF,  only 
the  peak  at  0.4  V  appears  and  this  is  mainly  attributed  to  the 
dealloying  of  carbon  (Fig.  7B).  The  lack  of  the  peak  at  1.0  V  suggests 
the  serious  detachment  of  the  Ge@C  clusters  from  the  CNF  matrix. 

The  cycling  performance  of  Ge@CNF,  Ge@C@CNF,  and 
Ge@CNF@C  is  presented  in  Fig.  8.  For  comparison,  the  cycling  per¬ 
formance  of  pure  carbon  nanofibers  is  also  shown.  Compared  with 
pure  carbon  nanofibers,  Ge@CNF@C  and  Ge@C@CNF  achieved 
better  discharge  capacity  and  cycling  performance.  It  is  also 
observed  that  during  cycling,  Ge@CNF@C  exhibits  more  stable  ca¬ 
pacities  than  Ge@CNF  and  Ge@C@CNF.  The  significant  capacity  loss 
of  Ge@C@CNF  is  mainly  caused  by  the  severe  volume  change  of 
large  Ge  clusters  during  lithium  insertion  and  extraction.  The 
enormous  agglomeration  and  volume  change  of  the  Ge  clusters 
lead  to  severe  particle  separation  and  pulverization  of  the  anode 
structure.  On  the  other  hand,  Ge@CNF@C  has  the  most  stable 
structure  and  can  better  tolerate  the  volume  change  upon  repeated 
lithium  insertion  and  extraction,  and  hence  it  exhibits  the  best 
cycling  performance.  As  shown  in  Fig.  8,  Ge@CNF@C  exhibits  the 
highest  capacity  retention  of  89%  with  a  relatively  large  reversible 
capacity  of  553  mAh  g-1  at  50th  cycle.  In  Ge@CNF@C,  the  thorn-like 
Ge  structure  possesses  high  aspect  ratio,  which  is  more  structurally 
durable  during  Li  insertion  and  extraction.  Moreover,  the  CVD 
carbon  coating  on  the  outer  surface  of  Ge@CNF  further  constrains 
the  volume  change  of  the  Ge  nanoparticles  and  consequently 
contributes  to  the  good  stability  of  the  electrode  structure.  As  a 
result,  among  the  electrode  materials  studied,  Ge@CNF@C  is  the 
most  promising  anode  material  for  high-energy  lithium-ion 
batteries. 

4.  Conclusion 

Ge@CNF,  Ge@C@CNF  and  Ge@CNF@C  were  prepared  by  using 
two  different  carbon  materials,  amorphous  carbon  coating  by  CVD 
and  carbon  nanofiber  matrix  by  electrospinning  technique,  to 
mitigate  the  large  volume  change  of  Ge  nanoparticles  and  preserve 
the  integrity  of  the  anode  structure  during  cycling.  These  binder- 
free  electrode  materials  showed  dissimilar  characteristics  in 
terms  of  structural  morphology  and  electrochemical  performance, 
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Fig.  7.  Differential  capacity  plots  of  the  first  and  second  cycles  of  (A)  Ge@CNF,  (B) 
Ge@C@CNF,  and  (C)  Ge@CNF@C. 

which  were  demonstrated  by  SEM,  TEM,  Raman  spectroscopy,  and 
galvanostatic  charge-discharge  results.  Ge@C@CNF  showed  sig¬ 
nificant  capacity  loss  during  cycling  due  to  enormous  agglomera¬ 
tion  and  volume  change  of  Ge  particles  and  the  subsequent 
pulverization  of  the  anode  structure.  On  the  other  hand, 
Ge@CNF@C  exhibited  the  highest  capacity  retention  of  89%  and  the 
largest  reversible  capacity  of  550  mAh  g1  at  50th  cycle  because  of 
two  carbon  confinement  structures  and  the  unique  Ge  thorn 
morphology.  In  Ge@CNF@C,  the  CVD  carbon  coating  and  CNF  ma¬ 
trix  effectively  constrained  the  volume  change  of  Ge  material  and 
consequently  maintained  the  electrode  integrity.  In  addition,  the 
Ge  thorns  in  Ge@CNF@C  possessed  high  aspect  ratio,  possibly 


Cycle  number 


Fig.  8.  Cycling  performance  of  Ge@CNF,  Ge@C@CNF,  and  Ge@CNF@C.  For  comparison, 
the  cycling  performance  of  pure  carbon  nanofibers  is  also  shown. 

notable  mechanical  stability  and  short  lithium  diffusion  length, 
which  facilitated  the  relatively  high  reversible  capacities  and 
excellent  cycling  performance. 
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